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3-D Computer Simulations of EM Fields in the APS Vacuum Chamber —
Part 2: Time-Domain Analysis

In Ref. [1], we analyze the RF modes of the 1-meter-long sector of the APS vacuum
chamber in the frequency-domain. This note 1s a parallel analysis in the time-domain.

There are quite a few measurements completed on this 1-meter-long sector. [2] In or-
der to understand these experimental results, in particular, the cause of the strong peak
around 4 GHz observed in the narrow gap, the 3-D real-time computer simulations are
carried out using MAFTA. [3] In these simulations, the vacuum chamber is approximated
by the geometry shown in Fig. 1. The l-inch-diameter beampipes, which are attached
at both ends of the beam chamber, are infinitely long (so-called the open boundary con-
dition). A Gaussian-distributed rigid bunch traverses this structure along (or slightly
above) the axis of the beampipes and generates wakefields, which are computed by the
time-domain solver T3. Five probes are placed inside the top of the vacuum chamber
along the horizontal direction. One is in the beam chamber, three in the narrow gap
and one in the antechamber, see Fig. 1(b). These probes record the E and H fields at
each location as a function of the wall clock time ¢. The E(t) and H(¢) are then Fourier-
transformed and the spectra are compared with that obtained from measurements.

The resolution of our Fourier transform is about 0.17 GHz. This means that there
are about 60 points in the region from 0 to 10 GHz, within which the real and imaginary
parts of the Fourier transform of E(t) and H(¢) are plotted. The power spectra, which
are the sum of the squares of the two parts, is not plotted; but its peaks should be easily
located in the figures below.

Several types of simulations have been performed, each using the upper half of the
geometry but with different configurations and boundary conditions.

1. The sector is 1-m-long. The bunch has an r.m.s. length, oy, of 2 cm (67 ps). The

y = 0 plane is a magnetic boundary (permeability 4 = co). The 1-inch-diameter
beam holes are at the center of the beam chamber.

2. Same as 1, but the beam holes are displaced horizontally by 1 cm.

3. The sector is 10-cm-long. The bunch length, o3, is 0.75 cm (25 ps). The y = 0
plane is a metallic boundary (conductivity o = co). The beam holes are at the
center of the beam chamber.

4. Same as 3, but the beam holes are displaced horizontally by 1 cm.



The main results of these runs are shown in Figs. 2-5, and are explained below.

1. In run 1, the boundary conditions at the y = 0 plane allow for TM,,; modes ! but
eliminate T E,,, modes in the narrow gap 2. The cutoff frequency of the T M waves,
i.e., the frequency of T'M;; mode, of the gap is about 15 GHz and is much higher
than that of the beam chamber, which is about 4.6 GHz (see [4]). Therefore, we
do not see any significant field components in the gap, nor in the antechamber.
As shown in Figs. 2(a)-(c), the E fields in the beam chamber have a magnitude
of 10** V/m, while that in the gap and in the antechamber are, respectively, five
and ten orders of magnitude lower. In other words, the TM modes do not couple
between the beam chamber and the antechamber, as expected.

Figs. 2(d) and (e) show the spectra of the E fields at probe 1 in the beam chamber.
It is seen that the spectrum of E, contains low-frequency componenets, which
are TF modes, whereas that of £, starts at about 4.6 GHz, consistent with the
excitation of the first TM mode.

2. The results of run 2 are similar to that of run 1.

3. In run 3, the boundary conditions at the y = 0 plane do allow for T'F,,o modes
in the gap. The cutoff of TE,, is low (about 0.33 GHz [2]). When the bunch
enters the beampipe, 7'M waves are generated and propagate. These T'M waves
get scattered at the discontinuous corner between the beam holes and the beam
chamber. The scattering excites TE waves, which can then easily penetrate into
the gap as well as into the antechamber.

To convince oneself that this is a correct picture, let us compare the time delay
of the starting point, the first peak and the first big peak of the E, field observed
at Probes 1, 3 and 5, with that calculated from the geometry. The calculations
are demonstrated in Fig. 3, in which the time needed for electromagnetic waves
propagating from one point to another is indicated in nanoseconds. The r.m.s.
bunch length, o3, is 0.025 ns. Half of the total bunch length is 5 o3, namely, 0.125
ns, which has to be taken into account. Let us now take Probe 3 as an example
to demonstrate our calculations. The distance between the entrance and Probe 3
is 0.47 ns. This is when the E-field starts to show up at Probe 3. As the bunch
center enters this geometry, which gives another time delay of 0.125 ns (5 o},), we
see the first peak of F,. When the bunch center reaches the discontinuous corner
between the exit beam hole and the beam chamber, the back-scattered waves will
enhance the fields at Probe 3 so that we will see a big peak as shown in Fig. 4(c).
The total time delay for this big peak is 0.8 ns (Fig. 3) plus 0.125 ns, i.e., 0.925 ns.
Table 1 gives a complete list of the results of this comparison. The good agreement
between the observation and the calculation supports the explanation given in the
previous paragraph.

1Here the notations of rectangular waveguides are adopted, namely, the subscripts of TM(TE)m
stand for the number of half-waves in the z,y direction, respectively.

2The TFy, modes are also allowed for in the gap. But we have no interest in them, because their
high cutoff frequency prevents them from penetrating into the gap.



Furthermore, our results also indicate that the fields penetrating into the gap and
the antechamber are TE waves. Fig. 4 shows that the major E component, E,,
has about the same magnitude of 10'® V/m across the whole vacuum chamber —
in the beam chamber, In the gap and in the antechamber. The £, component is
negligible (five to seven orders of magnitude lower than that of E,) in the gap as
well as in the antechamber. On the other hand, the H, and H, components of the
magnetic fields across the vacuum chamber have about the same magnitude (10%°
A/m), and the Hy in the gap is insignificant (seven orders of magnitude lower).
Therefore, we claim that the modes in the gap are of the TE type.

Because the cutoff of TM modes in the beam chamber is about 4.6 GHz, it is
conceivable that the T'E wave spectra will have its first peak around this frequency.
This is justified by Fig. 4(d), which shows that the first peak of E, in the gap is
indeed close to 4.6 GHz. The measured frequency of this peak is about 4 GHz,
which is somewhat lower than our simulation results. One possible explanation
for this discrepency is that the resolution of the measured spectra is relatively
rough (about 0.5 GHz). One may, of course, equally well argue that the results of
MAFIA output are not accurate enough.

The fields at probes 2, 3 and 4 in the gap and that at probe 5 in the antechamber
are all of the same magnitudes. This is in contrast with the measurements, which
show that the fields at probes 2, 4 and 5 are much weaker than that at probe 3.
The reason is unknown.

4. In run 4, when the beam holes are displaced along the horizontal axis, the fields at
probe 3 remain about the same as that in run 3, as can be seen in Fig. 5. This is
again in contrast with the measurements, which show that, in this case, the fields
in the gap are greatly suppressed.

In summary, our simulations suggest that the strong peak around 4 GHz in the nar-
row gap observed in the measurements is generated by T'E modes. Therefore, one should
not worry about this peak insofar as the coupling impedance is concerned. (Recall that
TE waves do not contribute to the impedance.) On the other hand, some discrepencies
between our simulations and the measurements are noticed and remain to be resolved.

The author thanks Dr. T. Khoe and Dr. J. Cook for their helpful discussions.



Table 1. Time Delay -- Comparison between Observation and Calculation

Probe 1 Probe 3 Probe 5

(o) (c) (o) (c) (o) ()
Starting pt. (ns) 0.23 0.23 0.47 0.47 0.8 0.81
ist peak (ns) 0.36 0.355 0.6 0.595 0.93  0.935
1st big peak (ms) (ditto) 0.9 0.925 N/A N/A

Notes: (o) observation [see Fig. 4(a), (c) and (e)].
(c¢) calculation [see Fig. 3].
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Fig. 1. (a) The geometry used in the 3-D simulations. The 1-inch- diameter beampipes

are infinitely long. (b) The cross-section of the vacuum chamber in the z-y
plane and the locations of five probes.
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(2) E(t) fields in the beam chamber, with magnitude 10" V/m.
(b) E(t) fields in the narrow gap, with magnitude 10® V/m.

Fig. 2. The E(t) fields and their spectra obtained from run 1 (see text).
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(d) The spectrum of the Fourier transform of E, in the beam chamber.

Fig. 2. (c) E(t) fields in the antechamber, with magnitude 10* V/m.



gy

)a

, G ARS BEMPIFE YIH L INCH BEXM ROLE, X8 354 1598 435 W0

TALTSY EW — FIELD FOURIER

Tedeiy EIT P AIAMEE2

Ezzisiz o

(<)

e e e

= FTN. FART
————— TRLTNIRY PAAT

3
noy
1]
0ok
b
1
Ao T | \ _.
. ¢ !
HI LY
ey
|X"’ Yl
e d
i
He
Y
¥
H
¢ H
o o v f v i “ . 3 o 1 " N . 5
=) . — —t e :
f-Peactave] pbew el E¥- ey ] ALy AIIEwLS P74 3

BY-FTELD KTOMAL ~LSTTr L) ST55pe¥r AT U = 33 RE+224, ¥ o« STSE-204 W - AXNCelw

S ey g e
RETUENCYS GHFE

Fig. 2. (e) The spectrum

of the Fourier transform of F, in the beam chamber.



ey i .

1, 42 OB R S

HAFTA

CLOSED APS BEAMPTPE WYTH & INCH BEA4 HILE, JD #7

2-TPE 154257

i

COUMtENT:

HATERIALS:
¥

T-FARNE:
~0.3500E-31
L3453
T~RANE
oo u =ty
9.3~
F~RAMGE:
0.7 CE~IL
§IECE-AL
T-LINE: 4
Y-OUT AT
GO0 HIE

EX YL

F =T

e 2 == 205 e

B IS I
/

G 3

ko

Fig. 3. This is the cross-section of the vacuum chamber in the z-z plane. 1, 3 and 5

in nanoseconds. The distance between the bunch head and the bunch center

are the locations of three probes. The distance between two points is indicated

is also indicated.



(&)

(b)

OLOED) AFS CEMPIRAE SEIH L DIDY BEAM WAL o€ &° e 04R WC at-sxims BII/ME 3oy
prerinn ¢ (1) BEAK AUGTTIN AT U = <&T20E-03 1 ¥ = 708609 It
MAFTALTZ: E - FIELD AS A FLNCTION OF TIME

L it B
@36 =5 i ;,/(—53
;\
. 1
{I iy N
[ 'S
E. 41 ! R i A B
y S B V! v . ot Tt
1oar pa g 1 S
! oy 1y ! v b
I vy t oy [ I e 3
i [ Ly vy » [ 24 s f A
. [ v v o1 [ 7 i ! st
f Pas oy - g Y t P b
A T B A [ T R S S
el b0y I IR N A P S
A T T A 0! A T S A B T A
0.13 3 ¢ HE - T T S vy A T M -
R ;s AP B AE Y SRR S S AT
= ; A LA K. M . ~ % 7 toe ! S
4 ~TT _;’—\i“\ ;‘L—T’TI““”FF-"}C‘A%&Y—M&b% ,";~).
. K d Ty
T N NS A I A I S i
i ? 1 . ] I § L)
I A I N R R
B P i 1 [ 1, y N 1 1oy Yoy [y
! C ¢ \ "y s 1 R L
;oo o b ! v ] Vo vy b,
£ SREIRY SRR
P i [ N vy 1 H i
- v I by . b 1y by
! [N 1 1] ') 1
SRR TR VA
L HE H i 1, t
- i 4 Yy
vt v *
1 !
\ r ..
4
__L,,;i.,,‘h’;.l.fJJ,I{.,,{,(.;.,Lnu
[ ] i Y3
SCEHIN ZarE- ARVE-RL EfOsw-aL BALE-OL 2ICE40 LEHN PRTL INCI
EU-FIND NINV-ISERDS EEILIVAL AT U = B0 0L V 2 I77E-d, ¥ 2 SaNEH0 P
— s EFIRD RINY-{3EMES LITHLO AT U T B S0 VS 2oE-0Dy, K 3 ACKE4
e e ENSFELO NDAMA-SIVEFLYS BLETHSNM A L - ~ =
= B OANE WL ¥V E INE.AIN, ¥ ox SONEsST TI”’.;/ NSE‘:.
CLOSTD APT CEAPZIFE WTIN L DI04 EEM1 XL € 27 732338 WT FES ntaes 3mnoEn3
FOSLTW & (1) PEal POSITIN ATo U = QIJIE-1 R ¥ = JHNSOU I

MAFTACTSE: EY -

FIELD FOURIER

TRANIFORMED

- e= = FEM. PIRY
THACTHERY PRART

L E T —_
\ 1
vy
i -~ e v S 1
\ WA ATA i
3
\ S « ¢ 'I 1 N }]
: PR N
i P A ¢ } \ ? ‘ll ‘
. : .
R PR DR Y
J 4 1s ¢ Y
¢ § \
[ | 4 \ \ : {
. ® ! [ : I
N . { ; . A ;
' ¢ ' §
! : ! / 5 \ / v
[ H ] p “ { H § ’ . Fan
. ‘| X 5 4 1 I Y
H H
¥ 1 ¢ Y
) ¢ N
¢ H » % LY 4
' ] A ? 1 » PN 4 ¢
T 7 T - g
a 7 i . { ; 3 1 ; TN :
¢ 1 1 : Y 1 ¢ A 14
¥ l £ Iy Y s
5 1 1 i i‘ I % : 8 \ \ A
0 H y
y M ' 3 ; ' ; A
Y s A ¢ [} ¢ o 5 f
1 N t ¢ s U T
s ' . ’ ¢ s y ¢ AN
Y N 4 H i ; ¥ N
4 3 ¢ % ra /
. ! { L i \ 7 !
\' i 1 ' [ J
s\ H } 4 11N / > —
1 ) . »
\ | Y4 oW
* v \ f g
3 P -
AT
YA
S SN NS ST S S SN
-1 ] i i S 1
OEHIS ZATE R 4 IPEFCY ENERS BN 2AVERNL
RI-FIELD HIFMAL ~LEL LABERITUM AT U 3 &3 SEIO0L ¥ 5 LITE-C2HL ¥ # @0CEIRMM

FREQUENCY.” GHZ

Fig. 4. The E(t) fields and their spectra obtained from run 3 (see text).

(a) E(t) fields in the beam chamber, with magnitude 10** V/m.
(b) The Fourier transform of E, in the beam chamber.
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Fig. 4. (c) E(t) fields in the narrow gap. The major component is E, of the magnitude
10'® V/m. Both E, and E, are negligible (six orders of magnitude lower).
(d) The Fourier transform of E, in the narrow gap. Note that the first peak
appears at about 4.6 GHz.
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Fig. 4. () E(t) fields in the antechamber. The major component is Ey of the magnitude
10'® V/m. E, is negligible (seven orders of magnitude lower).
(f) The Fourier transform of E, in the antechamber. Note that the first peak
appears at about 4.6 GHz.
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Fig. 4. (g) H(t) fields in the beam chamber, with magnitude 10*° A/m.
(h) H(t) fields in the narrow gap. The magnitudes of H, and H, are 10'° A/m,

whereas H, is negligible (seven orders of magnitude lower).
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Fig. 4. (i) H(t) fields in the antechamber, with magnitude 10° A/m.
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Fig. 5. The E(t) fields in the gap obtained from run 4 (see text). The E,
component has a magnitude of 10** V/m, while E, and E, are negligible.





